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De»crrptfon ^ 
Technical Field 

[0001] This invention pertains to a practice for the for- 
mation of adherent, hard, low friction carbon coatings. 
In a specific, illustrative application, this invention per- 
tains to the formation of such diamond-like cartx>n coal- 
ings on silicon-containing aluminum alloy articles in a 
process that is amenable to high volume usage, espe- 
cially for irregutarty-shaped articles such as automobile 
parts. 

Background of the Invention 

[0002] In a continual effort to reduce weight arxJ im- 
prove the fuel efficiency of automotive vehicles and the 
like, engineers seek to substitute lighter (and usually 
softer) materials such as aluminum and magnesium a^ 
k^s for the nrxxe dense and rTx>re scuf?^'and wear-re- 
sistant iron and steel attoys that are widely used. Often 
the substitutkyi of aluminum 'm erigines and other pow- 
ertrain component applcations exposes them to slkling 
contact with other aluminum parts. While aluminum af- 
toy parts are strong, they are susceptble to wear and 
scuffing when they rub on each other. Their surtace 
properties are such tt^t they must be adequately lubri- 
cated in such applications. For example, it is desirable 
to empkyy aluminum altoy pistons in an aluminum alloy 
engine bkx:k. In rKxnnal warmed-iip engine operation, a 
film of oil can be matntatned between each reciprocating 
piston and its cylinder wall However, during cokJ start 
and other situatksns. if the oil film has not been estab- 
lished, aluminum surfaces in sliding engagement will 
soon scuff. Material from the piston or the engine block 
surface is transferred to the opposite member. whk:h 
causes additional scuffing arxj tearing and failure of the 
parts. 

[00O3] Thus, where aluminum alloy pistons and en- 
gine bkx:ks are used in automotive engine applications, 
it is the practk^e to provide iron liners in the cylinder walls 
of the aluminum btock. The aluminum pistons then en- 
gage iron liners, arxi even during coM starts, no scufTtng 
or undue wear occurs. However, the manufacture and 
placement of iron liners in the cylinder bores of an alu- 
minum engine bUxk represent an undesirable addrtonal 
expense and weight. 

[0004] The properties of certain amorphous hydro- 
gen-containing cartxxi deposits have been investigated 
as protective layers oasurfaces that are to be subjected 
to wear or scuffing. When suitably lormed, these car- 
bonaceous materials are found to be extremely hard 
and wear resistant, and they are sometimes called dia- 
mond-like cartxxi. Once recognized, it has been sug- 
gested that cartxxi and other hard coatings coukJ be 
used on aluminum alk>y components in sliding engage- 
ment with other alum'num alloy compxDnents in automo- 
tive powertrain environments. See. for example. U.S. 



Patents 5.237.967 and 5.249.554. However, the diffk:ul- 
ty in utilizing such hard coatings on automotive compo- 
nents is that the complexity of the process, the multiplic- 
ity of material layers and the cost of forming adherent 
s and uniform coalings on workpieces of complex shape 
has been too high. In other words, the processing has 
been too slow and too cumbersome. 
[0005] The present inventk^n provkdes an efficient 
process for applying adherent, hard and kiw friction 
10 amorphous cartxxi coatings to the surfaces of three-di- 
mensional workpieces of suitable materials susceptible 
to cart)on ion implantation. The present process is par- 
ticularly useful on workpieces of aluminum altoys. fer- 
rous metal alloys and other alloys capable of fomning 
'5 intermetallic carbides. It is a further object to provkte a 
method of providing such coatings that strongly adhere 
to the workpiece substrate. It is a still further object of 
the present invention to provkde a method that is efficient 
and practk:al enough for autonrxatrve manufacturing re- 
20 quirements. 

IpOOff] In accordance with this invention, these arxl 
other objects and advantages are accomplished as fol- 
k>ws. 



[00O7] A preferred and illustrative applcatkxi of this 
process is in the formatkxi of adherent, diamorxi-ltke 
carbon coatings on aluminum alksys. For purposes of 

30 illustration, the practk:eof the inventkxi will be descr2>ed 
in connectnn with alumkium alk>y A390, a commercial 
casting alloy containing, nominally by weight, 1 7 percent 
silfcon. 0-8 percent iron and 4.5 percent copper. Such 
hypereutectic aluminum-silkx)n alloys are representa- 

3S lives of several aluminum altoys suitable for the casting 
of pistons and other engine and powertrain corrtpo- 
nents. 

[OOOG] The practx:e of the process involves innplanting 
carton into the surfaces of the aluminum-silkron work- 

^ piece (s) to form carbides in a shalk^w layer to a suitable 
depth of, e.g., 75 to 1 50 nanometers. The workpiece<s) 
may be of any desired configuratkjn. Prior to ran rnplan- 
tation. oxygen atoms must be removed from the surtace 
regions of the workpiece to permit silicon carbkie and/ 

^ or aluminum carbkie formation. The surface oxides can 
be suitably decomposed and oxygen atoms retDoved by 
txDmbardment with argon ions or other chemkrally inert 
kxis. Other oxide removal processes could be used. 
[0OO9] Argon or other suitable inert gas is confined in 

50 a suitable vessel at subatmospheric pressure 0.027 Pa 
to 0.266 Pa. suitably 0.054 Pa (0.2 mtorr to 2 mtorr. suit- 
ably 0.4 mtorr, where mtorr means millitorr). A plasma 
is generated in the low pressure argon gas to form a 
suitable concentration of positively charged argon ions. 

55 The workpiece is immersed in the plasma arxi is in elec- 
trical contact with a suitable high vottage pulser. The 
pulser apparatus applies pulses of negative electrical 
potential to the workpiece at a repetitkxi rate of, for ex- 
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ampte, about lOO to XOO Hz. suitably 2000 Hz. 
[001 0] The pulses are suitab^yof 1 0 to 20 ms duralioa. 
The high voltage pulser is preferably adapted to apply 
essentially square wave form voltage pulses so that the 
wofltpiece is very rapidly but momentarily charged to a ^ 
suitable negative voltage. During each high voltage ap- 
plication !o the workpiece. the positive argon ions in the 
surrounding plasma are uniformly accelerated to all sur- 
faces of the target with an impact kinetic energy gov- 
erned by the magnitude of the pulse. The high voltage 10 
pulses applied to the workpiece in combination with the 
positive argon ions in the plasma spuHer clean the work- 
piece by driving off oxygen atoms from the surface. A 
total electrical potential of about 1 to 10 kV applied to 
the workpiece as negative pulses is suitable for this pur- is 
pose. 

[001 1 ] In an alternative practice, a plasma is generat- 
ed around the workpiece by driving the workpiece with 
a radk> frequency signal of 100 W to 5000 W. suitably 
1 000 W. This produces a corx:entratkxi of positive argon 20 
ions arourxJ the workpiece. The rf signal also produces 
a negative dc self-bias on the workpiece of 500 V to 
2000 V, suitably 1000 V. whk:h accelerates the positive 
argon kins toward the workpiece surface, bombarding 
the surface and sputtering off oxide material. This dc 
self -bias is hereinafter referred to as a constant negative 
electrKal potential. 

[001 2] After the oxygen atoms are sputtered from the 
surfaces of the workpiece. plasma generatkxi is 
stopped, argon is evacuated from the vessel and the 30 
vessel is backfilled with a cartson-containing gas suita- 
ble for carbon knpiantatnn. Methane and/or acetylene 
are preferred for this application. Again, a k>w pressure 
(suitably a few tenths of a nntorr) (1 mtorr being 0.133 
Pa) plasma is generated within the cartxxi-containing 3S 
gas. w*iich rKDw consists of positive hydrogen-cx>ntain- 
ing carbon ions. The workpiece is fully immersed in this 
plasma. Again, the high voltage pulser activates the 
workpiece by the applicatksn of high frequency, short du- 
ratkxi pulses of negative potential at a voltage on the ^ 
order of tens of kitovolts suitat^le for ion imptantatksn. 
The effect of this step is to implant cartXDn kans into the 
surface of the workpiece to a suitable shalk^w depth of 
the order of 75 to.150 nm. The cartxan ion implantation 
leads to fcmiatksn of aluminum carbkie and silicon car- 45 
bide. A byproduct of this implantatwn step is the codepo- 
sition of a thin layer of graphitic material on the surface 
above the implanted carbon species. 
[001 3] The next step of the process involves the re- 
moval of the graphit^ material. The removal of the 5o 
graphitk: material is necessary for the formatkxi of an 
adherent coating of diamorKWike cart>on. This step is 
accomplished by the eyacuatkyi of carbon-generating 
plasrr>a gas from the vessel and again backfilling with 
argon gas or other suitable gas that is chemcally inert ss 
to the workpiece. The pressure of the plasma and the 
energy and frequency of electrk; potential pulses (or the 
magnitude of the dc self-bias) applied to the workpiece 



are essentially the same as in the oxygen removal step. 
This step serves to bombard the surface with positive 
argon ions and to sputter the surface at an energy level 
of about 500 eV to 10 keV so as to sputter the graphitic 
material from the surface and expose the desired sur- 
face of the aluminum alloy with rts shallowly-embedded 
aluminum carbide and silicon carbides. 
[0014] The final step involves the removal of argon 
gas from the vessel and backfilling with acetylene and/ 
or methane for the deposition of the amorphous hydro- 
gen-containing cartxxi. Since this- is a deposition step 
and not an implantation step, lower energy levels are 
suitable at a plasma pressure of about 0.266 Pa to 9.31 
Pa (2.0 to 70 mtorr). A hydrogen-containing anx5«phous 
cartxin layer is built up on the surface to a desired thick- 
ness of. e.g.. about 1 to 10 mkirometers to complete the 
process. The coating is adherent, wear and scuff resist- 
ant and 'slippery*. 

[001 5] Thus, the process involves successive innmer- 
sion of workpieces within different plasma compositions 
which treat all surfaces of the wofkpiece(s) while re- 
tained in plasma treatment vessels. Surface oxides are 
removed, cartxxi implanted to form carbides, an extra- 
neous graphrtc layer is removed, and a tightly adherent 
and extremely wear- resistant diamond-like caitxx) coat- 
ing is formed. Thus, one or many workpieces can be 
introduced into and treated in the same or interconnect- 
ed plasma vessel system to simultaneously and effi- 
cientfy form the adherent carbon coating on all surfaces 
of all workpieces. When a large number of workpieces 
are treated simultaneously, it is preferred to apply high 
voltage pulses to the workpieces and to generate the 
plasma around the workpieces by a separate means. 
[001 6] Other objects and advantages of the invention 
wilt bo more fully appreciated from a detailed description 
thereof whk::h folkiws. Reference will be made to the 
drawing. 

Brief Description of the Drawino 

[0017] The drawing figure schemalkally depk;ts in 
cross section a plasma source k>n imptantatkxi vessel 
with a high voltage pulser and other related equipment 
suitable for a preferred practice of the process. 

Description of an Embodiment of the Inventkxt 

[0O1 8] The practice of the inventwn utilizes a suitable 
plasma immersion ion treatment apparatus. The Figure 
of the drawing depicts schematically and in partial cross- 
section such apparatus and auxiliary equipment at ID. 
The apparatus system 10 includes a suitable vessel 1 2 
which may be a cubk:al box (as shown) or a cylinder. 
Vessel 12 has a door (not shown) for introducing and 
renxrving workpieces and for maintenance of the inlerkx 
chamber 14. The vessel 12 is constructed so as to be 
air tight and capable of sustaining low pressures (i.e.. 
vacuum) as tow as 1.33 x 10^ Pa (1 microlorr) in its 
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inner chamber 14. In order to provide such low pres- 
sures, a surtable vacuum sySiem 16 is connected 
through exhaust line 18 to chamber 14. 
[0019] AH of the walls 20 ot vessel 12 are electrically 
interconnected and electrically maintained at a common 
potential. The vessel may be grounded as indicated at 
22. 

[0020] A workpiece carrying stage or platform 24 is 
mounted on post 26, which electrically insulates plat- 
form 24 from the vessel walls 20. Provision is made to 
cool the stage 24 such as by circulating deionized water 
or other electrically insulating cooling fluid through coils 
indicated schematicalty. at 28. In the operation of the 
system 1 0, workpieces 30 such as aluminum A390 alloy 
piston heads will be placed on stage 24. 
[0021] Provision is made for the adm ission of a variety 
of gases into chamber 14. Thus, a plurality of gas lines 
Indicated at 32. 34 and 36, respectivefy. lead from sep- 
arate gas sources (not shown) to common line 38 and 
through needle valve 40 into chamber 14rlfi the practice 
of the process as will be descrbed in more detail below, 
gases such as argon (through line 32). methane 
(through line 34) and acetylene (through line 36) will t>e 
bled through needle valve 40 into chamber 14 after 
evacuation by vacuum system 16 to a surtable working 
gas pressure. Once one of such gases has been inUo- 
duced into chamber 14. a plasma is generated in the 
gas by means of a suitable plasma generator such as a 
radk>f requerxry generator indicated schematically at 42. 
Tho plasma generator is empksyed to generate respec- 
tively positive argon ions, positrve methane ions, posi- 
tive acetylene ions, positive ions of the partially or com- 
pletely disassociated constituents of these gases, or the 
like for treatment of workpieces 30. Depending upon the 
specific operatkxi being performed, the working pres- 
sure of the gas or plasma within the vessel will typk:alty 
and suitably lie within the range of 0.013 Pa to about 
13.3 Pa (0.1 mtorr to about 100 mtorr). Such pressure 
is maintained through the operation of the vacuum sys- 
tem and the bleeding of the gas into the chamber. 
[0022] Each plasma completely fills the chamtDer and 
completely immerses workpieces 30. In order to accel- 
erate the positive kxis in the plasma toward workpieces 
30, high voltage, short duration negative potential puls- 
es are continually applied to the workpieces. This is suit- 
ably accomplished by employment of a high voltage 
pulser 43. whk:h is electrically connected through lead 
44 to work stage 24. The work stage 24 is electrically 
conductive and corxiucts the high voltage pulses to 
workpieces 30, However, lead 44 is electrically insulated 
from wall 20, and IheTstag© 24 is likewise electrically 
insulated from the vessel by post 26. The pulser 43 is 
capable of generating high voltages as will be described 
in the respective operating steps bek>w. For the implan- 
tatkxi step, the pulses are suitably of short duratkxi. typ- 
ically in the range of 10 to 30 microseconds, and con- 
tinually applied at a frequency of several kiloheru. For 
sputtering and depositkxi steps, the pulses are of high 



duty cycle, typically in the range of 20 percent to 95 per- 
cent. Desirably. t^»Q wave form of the voltage pulses is 
as square as possible, especially during the implanta- 
tion and deposition steps. This, of course, means a very 
last rise to the applied voltage level, maintenance at that 
level during the desired time, and then a very rapid fall 
from the voltage level. The purpose of the pulses is to 
accelerate positive ions Irom the plasma toward and 
against the surfaces of workpieces to obtain sputtering 
10 for cleaning, implantation or coating as will be described 
at the desired energy level. To the extent that the wave 
form departs from its desired square shape, ions with 
undesired kinetic energies are accelerated toward the 
workpieces and produce results that might not be destr- 
'5 able, especially during the implantalon and deposrton 
steps. The process steps each rely on the suitable ki- 
netk: energy of the plasma ions and not upon thermal 
diffuskxi or other thermodynamic equilibrium mecha- 
nism. However, thermal diffusion may t^e used as an ad- 
?o drtional control mechanism for achieving deeper pene- 
tration of ions during the implantation process. 
[0O23] In an alternative embodiment an rf generator 
(not shown). whk:h may or may not be the same physkat 
piece of equipment as rf generator 42. can also be used 
to produce a dc self-bias on workpieces 30 for spunering 
or deposition steps. Such rf generator woukd be con- 
nected to work stage 24 via lead 44 andAor other suitable 
means not depicted in the figure. 

[0O24] A general description of method and apparatus 
t> for plasma source implantatkan may bo found in U.S. 
Patent 4.764,394. 

[0025] This process has been utilized in one example 
to apply hard, adherent cartxDn coatings to aluminum al- 
k3y A390 workpieces. including the skirt portions of pis- 

s tons made from such altoys. The nominal composrtkxi 
of the 390 altoy is. by weight. 1 7 percent silkxsn. 0.8 per- 
cent iron. 4.5 percent copper, O.05O percent manga- 
nese. 0.580 percent magnesium. 0.04O percent chromi- 
um. 0.950 percent zinc. 0.1 percent titanium and the ba I- 

o ance substantially all aluminum. Piston skirts cast from 
such alk^ys thus would contain a surtace region that 
would contain not only atoms of the respective elements 
of ttie composition but also oxides that have formed on 
the surface with aluminum and silicon. 

? [0026] In the case of the aluminum altoy workpieces. 
it is necessary to remove oxygen atoms from the sur- 
faces before proceeding further with the process. This 
oxKle decomposition process may not be necessary 
wttt^ other workpiece materials. The oxide removal can 

' be carried out by any suitable cleaning process. How- 
ever, since subsequent process steps are carried out in 
an ion plasma implantation vessel 12. it is preferred to 
confine the workpieces in the vessel for all of the 
processing steps. 

* [0027] Thus, one or more workpieces such as alumi- 
num alloy 390 pistons are introduced into vessel 1 2 and 
the chamber 14 evacuated to a very low pressure to re- 
nr>ove atmospherk: gases from the chamber. The pres- 
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sure is suitabfy reduced to about 1.33 x 10^ Pa (1 mi- 
cfotorr) (10^ torr). With vacuunrisystem 16 still running, 
argon gas through line 32 is then slowty bled into the 
chamber to reach a stable operating argon gas pressure 
of about 0.054 Pa (0.4'mtorr). A suitable range (or this 5 
argon sputter cleaning step is from 0.027 Pa to 0.266 
Pa (0.2 mtorr to 2 mtorr). The selected pressure is de- 
pendent upon the energy intended to be applied to the 
workpieces. Once the argon pressure has been stabi- 
lized at. for example. 0.054 Pa 0.4 mtorr. the plasma 'o 
generator 42 is started and the glow of the plasnr>a com- 
prising electrons and positive argon ions is apparent 
through a viewing window (not shown) in vessel 12. Up- 
on the establishment of the argon positive ion-contain- 
ing plasma, the high voltage pulser 43 is activated at a is 
repetition rate of several kilohertz and vottage pulses of 
about 1 .2 kV. In the case of the argon plasma, this pro- 
duces argon ion energies of about 1 .2 keV. In general, 
a voftage level of 1 to 1 0 kV is suitable for spuner clean- 
ing. — - 20 
[0028] in an alternative method, an rf generator (not 
shown) is connected to work stage 24 (in place of the 
depicted plasma generator 42 and pulser 43) through 
lead 44. When such rf generator is started, an argon 
plasma with positive argon kyis is established. Also, a 2S 
dc self-bias ol about 1000 V is produced on the work- 
piece to induce bombardiment of the workplace with a 
flux of 1000 eV argon ions. 

[0029] Either of the two above-described methods 
leads to a fkjx of argon ions that sputters off oxygen at- 30 
cms. A sputtering lime of the order of 60 minutes is 
found to be sufTk:ient for suitable removal of oxides from 
the surface region of the aluminum alloy workpieces. 
During the sputtering operatkxi. cooling dek>nized water 
or other electrically insulating cooling fluid is circulated as 
through cooling pass ag es 28 in the workpiece platform 
24 in order to remove heat from the workpieces gener- 
ated by the sputtering. 

[0030] The first principal step in the subject process 
is the implantatkxi of carbon ions into the surface of the -«> 
cleaned workpiece(s) 30. The plasma generator 42 is 
inactivated, as is the high vottage pulser 43. The flow of 
argon gas is shut off, and argon gas is pumped from the 
chamber 1 4 by the vacuum system 16. Methane gas or 
other suitable hydrocarbon is introduced into the cham- ^5 
ber as through line 34. The pressure of methane gas is 
suitably in a range from about 0.027 Pa to 0.798 Pa (0.2 
to 6 mtorr). and the plasma is again re-established 
through utilization of plasma generator 42. High voltage 
pulses at a repetition rate of several kilohertz and at ap- so 
proximately 20 kV are applied to the workpieces by 
pulser 43 through the - workpiece stage 24. A suitable 
voltage level for this carbon implantatcn step is in the 
range of about 5 kV to 40 kV. At the applicatkjn of 20 kV 
pulses, the implantatk>n of the positive carbon and hy- ss 
drocartxxi ions into the workpiece surface is continued 
until a dosage of about 2 to 5 x 1 0^^ ion/cm^ is obtained. 
Approximately one hour is required to obtain a suitable 



implantaton level of the cartxxi or hydrocarbon ions into 
the surface to a dose of 2 to 5 x 10^^ Ion/cm^, although 
this depends upon the workpiece surface area and im- 
plant current capacity of high voltage pulser 43. If the 
pressure or the repetition rate is changed, then the 
prcxessing time is also changed. The effect of the im- 
plantatksn is to form aluminum carbides and silkxxi car- 
bides which are apparently uncrystalline in nature. How- 
ever, ft is particularly the silicon carbide moieties present 
in the thin surface region of the workpieces which utti- 
mately provide the adherent substrate for the final car- 
bon deposit. 

[0O31] It has been found, due apparently to the inabil- 
ity to obtain a perfectly square voltage wave form, that 
in additkxi to the cartx>n ions that are implanted into the 
workpiece, a thin layer of extraneous carbon apparently 
in the fonm of graphite is deposited on the surface. It is 
believed that the depth of the implanted cartxxi is of the 
order of 20 to 120 nm. The superficial layer of amor- 
phous cartxyi is apparently much less than the thk:k- 
ness of the implanted cartxxi. 

[0032] In order to torm a suitably adherent cartxan de- 
posit on the carbon implanted surface, it is necessary to 
remove the graphitic layer. This is accomplished by 
shutting down the plasma generator 42 and the high 
vottage pulser 43, pumping the methane gas from the 
chamber 14 and backfilling the chamber with argcxi gas 
as from line 32. An argon pressure of about 0.054 Pa 
(0.4 mton-) 0.027 Pa to 0.266 Pa (suitably 0.2mtorr to 
2 mtorr) is maintained in the chamber as in the p>revkxjs 
argon spuner step. Plasma generation is recommenced 
as is applicatk^ of l .2 kV negative impulses to the work- 
piece by actuating the high voltage pulser 43. The effect 
of the high vottage pulses applied to workpiece 30. 
which is immersed in the argon ion plasma, is to accel- 
erate argon ions against the graphite-coated surfaces. 
After a perkxi of about 5 to 10 minutes, the sputtering 
by the argon ions suitably rerrx^ves the graphitic deposit 
from the surface of the carbon implanted workpiece. The 
plasma generator 42 and voltage pulser 43 are shut 
doNwi and argon gas pumped from the chamber. 
[0O33] In an alternative practice to the use of the volt- 
age pulser 43. an rf generator (not shown) is connected 
to work stage 24 as through lead 44. As described 
above, activation of the rf generator produces an argon 
plasma h an argon gas-filled chamber and produces a 
suitable dc self-bias on workpiece 30 to promote sput- 
tering of the graphite deposit from the surface of the 
workpiece. 

[0O34) The chamber 1 4 was then backfilled with acet- 
ylene in preparation for the deposit of a hard adherent 
amorphous carbon fikn on the surface of the cartxxi im- 
planted workpiece. The gas pressure of the acetylene 
is suitably in the range of 0.266 Pa to 9.31 Pa (2 to 70 
mtorr). The purpose of this step is to deposit carbon on 
the surface, not to implant it. Accordingly, tower energy 
levels are empk>yed. While acetylene is used in this ex- 
ample, other tow molecular weight hydrocartxxi gases 
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such as methane are suitable. An acetylene pressure of 
0.60 Pa (4.5 mtorr) is employed^nd 600 vott negative 
pulses (30 msec duration) are applied to the workpieces 
with a duty cycle of 20 percent to 95 percent. 
[0035] Aftemaliveiy, an rf generator (not shown) is 5 
used to generate an acetylene plasma and produce a 
negative dc self -bias of 600 V on workpiece 30. This 
process was continued, in the case of dc self-bias, for 
about 150 minutes, during which time a uniform layer of 
adherent, hard, hydrogen-containing carbon was io 
formed that was about 5 micrometers in thickness. De- 
pending upon the application of the workpiece in which 
the coating was fomied. in general it is felt that carbon 
coatings 1 to 5 micrometers or higher, for example. 10 
mm. are suitable. is 
[0O3S] The purpose ol the above coating process with 
respect to aluminum pistons was to determine whether 
pistdns thus coated could be operated. partk:ularly in 
cold start situations, in an engine utilizing a cast alumi- 
num alloy engine bkx:k without any lir>«(L During coJd ^ 
start situations, there is a dearth of oil on the surface of 
the cylinder walls, and rt is not uncommon for the alumi- 
num pistons to engage the aluminum cylinder walls with- 
out any lubricant film between them. In normal opera- 
tkyi. it is found that scuffing occurs between the alumi- 25 
num piston and the aluminum wall. That is to say. alu- 
minum metal is transferred from the cylinder wall to the 
piston, which promotes wear and tear in the engine and 
is unsuitable for ksng-tenm engine life. However, bench 
tests and engine tests have indk:ated that aluminum al- 30 
loy pistons provided with a carbon coating 5 microme- 
ters or rrxDre in thickness as produced by this process 
ran satisfactory during engine coW start without scuffing. 
Of course, it is known that diamond-like cartxxi coatings 
can provide desirable wear properties to many different 3S 
substrates. The subject high voltage pulser process 
forms adherent coatings simultaneously on many work- 
pieces all with complex shapes in a practice suitable for 
high volume productkxi. 

[0037] The precise chemkrai and metallurgical r>ature 40 
of the carbon coatings has not been fully analyzed. In 
general, the coatings are amorphous, although they 
may contain some nanometer-size crystals of cartxxi. 
The coalings also contain some hydrogen, probably 
about one hydrogen atom per three or so cartxxi atoms. <5 
Thus, in general the coatings can be characterized as 
amorphous to nanocrystal cartxxi that contains a minor 
portkxi of hydrogen. Sometimes these coatings are re- 
ferred to as diamond-like carbon coatings. They are not 
diamond in constitutkxi. but they do contain an appre- so 
ciable fraction of sp^ borKte Between their carbon atoms. 
The coatings display high hardness values, and they 
provide lubrcity in frictkxi applications. 
[0038] It has been observed that when other metals, 
synthetic plastcs or glass are placed in the subject pias- ss 
ma source ton implantation apparatus, they are likewise 
coated with the hard amorphous cartxxi in the same 
manner as the aluminum alloy coated workpieces de- 



scribed above. Such materials have been used in con- 
nection with the fixtures for test workpieces. and when 
they are not eleclrcally insulated from the high voltage 
pulser. they experience the same processing conditions 
as the workpieces and they are likewise coated. It is 
clear that the subject process of implanting carbon into 
a workpiece. sputter removing the extraneous graphhc 
carbon that is coinckJentally fonmed during the cartxxi 
imptantatkxi. and then applying an amorphous carbon 
coating is of general application to a wide range of work- 
piece materials. 

[0O39] This process l>asically relies solely upon the ki- 
netic energy of the ions in the plasma for its execution. 
However, when the ions impact the workpiece. they do 
promote heating. For this reason, the workpiece is 
cooled to maintain rt at a suitable temperature. For ex- 
ample, it is not preferable to have a significant amount 
of diff uskxi of the implanted or coaled ions into the work- 
piece. 

[0040] An advantagejDf the subject process is that all 
unmasked surfaces of three-dimensional workpieces 
can be implanted or coated uniformly and at the same 
time. The practice is not limited by the disadvantages of 
line-of-sight sight treatments. Furthermore. If desired, 
the workpieces can be treated continually and automat- 
k:ally in a single vessel or system without removal to the 
ambient. 

PX>41] While this invention has been described in 
terms of a preferred embodiment thereof, it will be ap- 
preciated that other forms could readily be adapted by 
one skilled iri the art. Accordingly, the scope of this in- 
vention is to be conskiered limited only by the fdtowing 
claims, in which further details may be seen. 

Claims 

1 . A method of forming an adherent, hard cartxxi coat- 
ing on an artble composed of a material receptive 
to carbon kxi implantatkxi. characterized in that 
sakJ process comprises: 

immersing said arircle in a first plasma atmos- 
phere containing positive cartxxi ions and ac- 
celerating said ions against surfaces of sakl ar- 
ticle to implant carbon ions into sakj surfaces 
and. coincidentally. form an overlying deposit 
of carbonaceous material, 
thereafter immersing the ancle in a positive ion 
containing plasrna of a gas chemcally inert with 
respect to the artcle and accelerating positive 
kxis against said deposit on said article tobom- 
t>ard sakJ cartxxiaceous deposit with sakj ions 
and thereby remove it from carbon-implanled 
surfaces, and 

thereafter immersing sakj artk:le in a plasma 
containing positive carbon ions and accelerat- 
ing said positive kxis against the cartxxiaceous 
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adherent et dur sur un articje compose d'une ma- 
tidre rdceptiva ^ I'implantatlS) (T\ons carbone. 
caracterise en ce que ledit precede comprend: 

rimmersion dudit article dans une premiere at- 5 
mosphere de plasma conlenant des ions car- 
bone positifs, et racceleration desdits ions con- 
ire des surfaces dudit article, de mani^re d im- 
planter des ions cartxxie dans lesdites surfa- 
ces, et la formation concomrtante d'un d^pdt to 
superpose de matiere carbonee. 
ensurte rimmersion de rarticte dans un plasma 
d'un gaz contenant des ions positifs. chimique- 
ment inerte par rapport d Tarticle. et raccelera- 
tion des ions positifs centre ledit dep6t sur ledit is 
articte. de manidre d bombarder ledrt dep6t car- 
bone avec lesdrts ions et k enlever ainsi ce de- 
pdt de surfaces contenant du cartsone implan- 
ts, et 

ensuite rimmersion dudit article-dans un plas- 20 
ma contenant des ions cartxxie positifs, et rac- 
celeration desdrts ions positifs centre lesdites 
surfaces dudit article. de9agees de leur depot 
carbone* de maniere d deposer une couche de 
carbone actierente, contenant de rhydrogene. 
sur lesdites surfaces dans lesquelles est im- 
plante du cartxxie. 

2. Procdde selon la reverxjication 1 , caracterise en 
outre en ce que, dans chacune desdites etapes 30 
rfimmersion d'un article dans un plasma d'ions po- 
sitifs. les ions sont acceieres contre des surfaces 

de fanicle en appliquant de fa9on continue des inr>- 
pulsions d'un p>otentiei eiectrique negatif audit arti- 
cle. 35 

3. Procede selon Tune ou Tautre des revendicattons 1 
ou 2, caracterise en outre en ce que ledit article ^ 
revStir est compose d'un alliage metallique. et que 

de roxygene est retire de surfaces de farticle avant ^ 
rimmersion dudit article dans ladite atmosphere de 
plasma contenant des ions cartxsne. 

4. Precede selon Tune ou I'autre des revendications 1 

ou 2. caracterise en outre en ce que ledit article ^ ^ 
revetir est un article en un alliage d'aluminium con- 
tenant du silicium. et en ce que de I'oxygene est 
retire de surfaces de Tarticle avant rimmersion dudit 
article dans ladite atmosphere de plasma contenant 
des ions carbone.^ so 

5. Precede seibn la revendication 3, caracterise en 
outre en ce que en ce que: 

(a) des ions carbone sont implantes dans les ss 
surfaces dudit article, a une profondeur pou- 
vant aller jusqu'd 250 nanometres, et forment 
des carbures de silicium dans lesdites surfa- 



ces, et 

(b) repaisseur du depdt de la couche de cartxy 
ne adherente conlenant de Thydrogene sur les- 
dites surfaces contenant des carbures de sili- 
cium se situe dans une plage d'environ 1 ^m a 
environ 10 |im 
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